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Variable-rate technologies coupled with broadcast spray systems serve to reduce
chemical inputs, misapplication of chemicals, and environmental pollution, thus improving
profitability and sustainability. Sprayer variable rate control involves using pulse width
modulation (PWM) solenoids and/or direct chemical injection to adjust the application rate. The
objectives of this research were to: outfit a conventional broadcast sprayer with PWM and direct
inject technologies; evaluate the accuracy of the PWM system to control application rate for
strait line and turn segments; and characterize the direct injection system’s transport delay time.
For the PWM evaluation, the mean flow rate and coefficient of variation of individual nozzles
indicated consistent performance. For the direct injection evaluation, the manufacturer
recommended plumbing scheme and injection point location resulted in unsatisfactory delay
times, ranging from 105 to 150s for the 8 km h-1 (5 mph) speed and 60 to 90s for the 16 km h-1
(10 mph) speed.
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CHAPTER I
INTRODUCTION
1.1

Background
Environmental stewardship and preservation of natural resources are primary goals for

both the agricultural community and government agencies. In recent decades, an effort to
mitigate soil erosion and environmental pollution has incentivized the reduction in mechanical
tillage and cultivation of agricultural crops and also the development of chemical rate application
control technologies. Thus, the use of agrochemicals to control weeds and pests in agricultural
crops has increased significantly with more than 2.7 billion kg of pesticides used worldwide,
annually (US EPA, 2015). Pesticides are a major expense for producers accounting for more than
5% of total farm expenditures in the United States each year (US EPA, 2015). Herbicides used to
control weeds are the most widely used type of pesticide and in 2012 accounted for nearly 60%
of the pesticide expense in the United States. As weeds are often the most difficult to control pest
in a crop, multiple modes of action are often required to control different species of weeds (US
EPA, 2015).
The process of applying pesticides to control weeds and pests in agricultural crops may
occur multiple times throughout a production season. Ground-based broadcast sprayers equipped
with wide booms are the primary mode of pesticide application in most crops with, traditionally,
a single goal of spatially covering all areas of the field. These wide boom designs present
challenges for accurate pesticide application, especially in small and irregular shaped fields and
1

those with many turns. Traditionally, pressure-based systems have inherent characteristics that
can cause application rate errors such as multiple-application, skipped-application, over or under
application, or unintentional-application on environmentally sensitive areas (Luck et al., 2010;
Porter et al., 2013). Multiple and skipped-applications where coverage overlaps or is not
completed can range from minor, where the headland is perpendicular to the incoming spray
boom to major, if the headland is at an angle and the entire boom must remain on to cover a
small area. Advancements in system design such as section control can help minimize this
overlap, as sections of the boom can be shut off individually as needed lessening or preventing
multiple-application in areas of the field where pesticide has already been applied (Rockwell and
Ayers, 1996). Also, in a traditional scenario, sprayer application rate would be regulated by
varying the pressure of the boom system to account for changes in speed and increasing or
decreasing the flow discharge rate. Increased boom pressures achieving the proper application
rate when traveling at high speeds have the potential to cause very small spray droplets, which
can be more at risk to become suspended in the atmosphere and drift to off target areas causing
unintentional application. Additionally, producers often apply multiple pesticides during a single
application to minimize the number of times required for them to travel across the field, thus
reducing soil compaction and fuel consumption (Hellerstein, 2019). When spraying multiple
pesticides in one application, tank mixing or blending of multiple products is required, which has
the potential for antagonistic effects between pesticides resulting in reduced efficacy of one or
more of the pesticides (Meyer & Norsworthy, 2018). Additionally, because of the need for tank
mixed pesticides during a single application, it is not possible to adjust the rate of a single
pesticide alone when field conditions warrant an adjustment in rate for that single pesticide
without adjusting the rate of all chemicals in that application (Rockwell and Ayers, 1996).
2

Traditional broadcast spraying has served to reduce mechanical cultivation and improve crop
health, yields, and quality. However, uniform pesticide rate application with little regard for
variable management zones may give rise to soil and water contamination when pesticides are
over applied or may result in reduced pest control for under applied areas of the field (Alamouti
and Hosseini, 2014).
To reduce soil and water contamination and to optimize for varying field requirements,
variable rate application and direct pesticide injection technologies have been developed. With
this increased capability of applying pesticides at rates dictated by field conditions and demands,
precision agriculture technology has also begun to influence spraying to only treat the areas of
the field that need to be treated. Farmers often experience non-uniform conditions throughout the
field that can and should be be managed differently with varying pesticide rates relative to
conditions. Spatial variability in soil types within a field is one example that could necessitate
varying the rate of soil applied herbicides for weed control. In order for the sprayer to apply
different rates of chemical as it is moving through the field, variable rate capabilities are required
which can be attained through the use of direct injection and/or pulse width modulating (PWM)
nozzle control. The PWM nozzle control changes the rate being sprayed during the application
by varying the discharge rate at each nozzle by controlling the duty cycle or the percentage of
time in which the solenoid is open, allowing solution to pass through the spray tip and be
deposited on the target area. This allows PWM to linearly regulate the volume that is being
sprayed through the nozzle giving it the ability to regulate a wide range of volumes at consistent
pressure, lessening or preventing the potential for off-target application from drift. The direct
injection system provides the ability to vary individual pesticide rates relative to demand,
allowing for true variable-rate application without affecting the sprayer performance. An added
3

benefit to this method of pesticide rate control is that it can potentially reduce antagonism as
these pesticides do not come in contact with one another until just prior to discharge. Reducing
the time that pesticides with antagonistic effects are in contact with one another has been shown
to increase weed control efficacy in separate boom systems by as much as 15% (Merrit et al,
2020). The ability to increase pesticide efficacy potential combined with site-specific pesticide
rate selection and control, pesticides help to minimize environmental impact while allowing
farmers the potential to reduce pesticide use cost by only applying what is needed to meet crop
protection needs (Sui et al., 2003).
1.2

Research Objectives
The objective of this research project is to outfit a traditional broadcast sprayer with

commercially available PWM nozzle control and direct inject systems and to characterize the
performance and utility of the combined PWM+direct inject system. The specific objectives of
this project are:
1. To outfit an existing conventional pressure-based boom sprayer with PWM
application control using commercially available components.
2.

To evaluate and characterize the individual nozzle flow accuracy and boom
uniformity of the PWM application control system under dynamic conditions.

3. To evaluate and characterize the flow accuracy of individual nozzles when the turn
compensation system varies the flow rate across the boom under dynamic conditions.
4. To outfit a PWM nozzle control boom sprayer with a commercially available direct
inject system.
5. To characterize injection system’s response time and uniformity for delivering
accurate target concentrations of solution to individual nozzles.
4

6. To improve the injection system’s response time by relocating the injection point
closer to the nozzle exit.

5

CHAPTER II
ASSEMBLY AND EVALUATION OF A COMMERCIALLY AVAILABLE PULSE WIDTH
MODULATED NOZZLE CONTROL SYSTEM WITH TURN
COMPENSATION FEATURE
2.1

Introduction
Conventional broadcast spray systems utilize correlated nozzle tip size and pressure to

regulate carrier flow rate and account for changes in speed as a sprayer moves across a field. The
carrier rate is defined as the rate of diluted discharge solution volume exiting the nozzle. A
simulation by Steward and Humburg (2000) demonstrated the ability and limitations of
increasing or decreasing pressure to adjust carrier rate. It was determined that using pressure as a
means of regulating carrier rate severely limits adjustment due to the indirect proportionality of
pressure and carrier rate. As observed, four-fold increase in pressure doubles the flow rate.
Moreover, high pressures can lead to fatigue and premature failures with lines and fittings in the
spray system. The study also noted that high boom pressures needed to achieve target rate when
traveling at high speeds have a greater potential to cause very fine spray droplets that increase
drift potential, resulting in off-target applications. Low boom pressures have the potential to alter
the spray pattern where complete coverage is not achieved. With a desire for constant boom
pressure while still maintaining the ability to regulate carrier rate, PWM nozzle control was
developed. Sprayers equipped with PWM nozzle control provide variable rate control by pulsing
an electronically actuated solenoid valve at a constant frequency. The amount of time per second
6

it spends open or closed is the duty cycle and is the primary control mechanism for achieving
desired flow rate serving as the operational foundation for PWM technology (fig 2.1). With
PWM, duty cycle is directly proportional to flow rate. A duty cycle of 100% allows the
maximum flow rate of the selected nozzle size and pressure, while a duty cycle of 50% allows a
flow rate of half of the selected nozzle size at the given pressure (Luck et al., 2015).

Figure 2.1

Illustration of pulse width modulation duty cycle (Sharda et al., 2016).

The range of flow rates and spray pattern coverage that PWM nozzles provide is much
greater than conventional pressure-based systems allowing for true variable rate application and
spray rates that are 1/4 of the maximum rate Without a decrease in spray pattern and droplet
uniformity across the operating range. A study by Pierce and Ayers (1998) found that nozzle
7

flow varied by less than 2% when evaluated for flow variation at duty cycles ranging from 25%
to 100%. Constant system pressure is key to optimal performance when using PWM nozzle
control due to potential changes in pressure across the boom, especially with large boom
sprayers and for nozzles located far away from the pump where pressure drop in the system is of
concern and can cause negative operational performance. Precise rate control with PWM can
only be achieved if the system pressure remains constant and is uniform across the boom. Rapid
changes in duty cycle such as those experienced in large, quick changes in ground speed have the
potential to create system pressure changes that negatively affect spray pattern and droplet
uniformity (Sharda et al., 2009). However, in a study using Capstan’s Pinpoint system, it was
found that the latency of pressure changes when switching nozzles on/off was only 20 ms and
had negligible effects on performance (Mangus et al., 2017). This small latency in pressure
adjustment minimizes misapplication due to pressure changes as operating speeds are varied
while moving across the field.
Pressure based systems account for changes in speed by increasing or decreasing pressure
to regulate flow based on ground speed, resulting in high system pressures needed to achieve the
proper flow rate at higher speeds. However, even with the properly selected nozzle design, these
higher speeds increase fine droplet production and create and increased potential for drift. When
droplet size becomes too small or fine, the droplets can be carried by the wind, which results in
drift of the sprayed solution to undesired areas. A major advantage of PWM nozzle control is
that it alleviates the difficulty of maintaining proper droplet size by maintaining a constant lower
pressure and using duty cycle to adjust flow rates. With the ability to set and maintain constant
pressure, proper nozzle size and type can be selected for the pressure that best mitigates drift
(Lang, 2013).
8

PWM nozzle control also allows for simultaneous, independent, and individual nozzle
level control, which serves to optimize performance by reducing overlaps and skips along with
lessening or preventing over-application of pesticide that can produce crop injury and contribute
to environmental concerns (Butts et al., 2019). Additionally, PWM individual nozzle control
allows for turn compensation, a feature that automatically adjusts the rates of individual nozzles
when turning based on speed, turn radius, and boom width. With turn compensation, nozzle flow
rate is adjusted in proportion to its speed based on the nozzle position along the boom, thus
maintaining uniform application rate during the turn. In this scenario, nozzle position along the
boom is referenced from the center of the boom, the central line of guidance received from the
GPS receiver. Combining the information of the turn angle based on GPS coordinates and the
nozzle position along the boom, the controller will calculate the correct duty cycle for the PWM
solenoids to increase or decrease nozzle flow and account changes in speed at the individual
nozzle level. Under this scenario, the nozzles on the outer section of the turn radii will be
traveling at a faster speed and thus require a higher flow rate, whereas the nozzles on the inner
section of the boom will be traveling slower, thus requiring a lower flow rate to maintain the
proper application rate. Turns with tighter radii have a greater flow rate differential across the
boom than radii from wider turns. This principle also holds true for wider booms as speed
differentials between inner and outer extremes produce large flow differentials across the boom.
Porter et al. (2013) used Capstan’s PinPoint spray controller and a laboratory testing platform
and procedure to assess turn compensation duty cycle and rate error for a simulated 75% and
125% turn radius where the turn percentage was based on boom width. In this study, the nozzle
flow rates across the boom during turns for both the 75 and 125% radii were consistently within
the ±10% allowable error standard as specified by ASABE Standard S592.1 (ASABE, 2016).
9

Error rates were slightly higher for the 75% turn radius, the tighter turn radius, due to a larger
range of required duty cycles required to compensate for the turn (Porter et al., 2013). When
spraying around obstacles, irregular field boundaries, or within curved row sections, turn
compensation mitigates the over or under application that may occur around the curves (Butts et
al., 2019). The ability of the turn compensation feature to adjust the rate of individual nozzles
serves to reduce misapplication and optimize performance for curved field areas.
Other potential uses of PWM nozzle control have been tested in banding applications,
spot spraying, and on fertilizer applicators. PWM nozzle control in banding applications to band
the spray solution directly on the plant rows was shown to apply a more uniform band that could
be more precisely controlled than when using a pressure-based system (Giles and Slaughter,
1997). This is an improvement over the use of pressure-based systems where there are delays
before the solution stops exiting the nozzle even after the boom valve is turned off as the valve is
usually located a significant distance from the nozzle exit. A study by Zaman et al. (2011)
successfully used sensors to immediately trigger a PWM nozzle to spray a targeted area such as
would exist in spot-spraying applications. These sensor-based spray applications utilize PWM
due to the ability to quickly trigger nozzles on and off by pulsing the PWM solenoid to control
pesticide delivery instantaneously. In liquid fertilizer application, PWM solenoids provide a way
to precisely vary the rate of liquid fertilizer and create the ability for individual row control to
provide variable rate application and reduce overlapping in fertilizer applications (Stansell et al.,
2020).

10

2.2
2.2.1

Overview of the system
Control and Monitoring of the System
Spraying systems utilizing PWM nozzle control have a secondary computerized system

that monitors PWM performance and adjusts the output to optimize system performance. As is
previously discussed, the PWM duty cycle will regulate flow relative to groundspeed as the
sprayer moves across the field. To accomplish this, an in-cab graphical user interface (GUI)
provides the operator access to the computer system to interface and integrate the components of
the PWM spray systems a rate controller, a flow meter, a pressure sensor, and a control valve
into a unified spray control system (fig 2.2). The pressure sensor and flow meter sense changes
in system performance and provide input to the rate controller to adjust the control valve to
maintain a constant pressure. This adjustment regulates the system pressure and maintains
desired conditions as the sprayer changes groundspeed, maintaining optimum spray pattern
uniformity and droplet size. (Han et al., 2001). The rate controller has the additional duty of
controlling the duty cycle of the PWM nozzles to match flow rate with groundspeed and nozzle
size. The in-cab GUI monitor provides the operator an interface to the computerized control
system to establish and adjust rates and other system parameters and to also monitor the system
performance to ensure that the system performance is optimal.

11

Figure 2.2

Overview of the control system required for a sprayer.

Like most industrial sectors, technology from other applications find uses in agriculture
and can be traced to their source in manufacturing, automotive, defense, and others. Examples
of these include the diesel engine, hydraulics, pneumatic tires, emissions controls, and computercontrolled engines. Agricultural electronic communication technology is no different and was
adopted from the automotive industry as Controller Area Network (CAN). CAN is an electronics
communication protocol initially standardized for automobile engine communications providing
a network for engine sensors to communicate with a centralized controller that regulates the
engine operation, but it was soon expanded to integrate precision agriculture hardware and
implements. However, the CAN system was limited in signal speed and the number of signals
that could be handled in the system (Oksanen & Auernhammer, 2021). Because of these
limitations the ISOBUS communications protocol was developed and standardized for
agriculture electronics and equipment. As the ISOBUS standard has been widely adopted across
the world, it has improved agriculture electronics and equipment compatibility across company
12

boundaries. Commonly, hardware and control systems are manufactured by the same company
or brand, as each component must communicate and integrate effectively for the system to
perform reliably (Kortenbruck et al., 2017). The ISOBUS standardized communications protocol
allows agricultural computers, electronics, implements, and vehicles to communicate regardless
of brand, therefore establishing cross-manufacturer compatibility. This allows for lower cost
technologies to be developed and sensors and control systems to be used in innovative ways that
may not be a common feature for a particular company’s system. The ability for equipment to
work together ultimately incentivizes innovation and a potential for greater data sharing and
usage. There is also the ability for multiple forms of data to be collected and used when
equipment electronics follow a standard such as ISOBUS in agriculture (Paraforos et al., 2019).
When multiple forms of data are collected, it can be used to analyze performance of the
equipment and potentially used as a basis for variable rate applications. ISOBUS allows many
types of data to be readable into many types of software and different brands of equipment to
work together in many applications such as spraying.
In summary, PWM technology offers the ability for individual nozzle control which
reduces overlaps and misapplications while also serving to minimize drift by maintaining a
constant pressure as the sprayer changes speeds as it traverses the field. Precise spray application
is key to effectively controlling pests in reduced tillage or no-till without negatively effecting the
environment. Additional environmental effects include lessening or preventing erosion and
reducing machinery usage, which reduces compaction and lowers fuel usage, saving money and
reducing CO2 and other emissions. With PWM technology, producers can also save money by
reducing chemical usage by utilizing prescriptive site-specific application that only apply
chemicals where they are needed and by reducing overlaps and misapplications around turns
13

with section control and turn compensation. Producers also can achieve a greater application rate
range for variable rate applications while still maintaining proper droplet size to reduce or
eliminate off-target drift. Additionally, because ISOBUS supports cross-manufacturer
compatibility of technologies, commercial variable rate technologies are increasingly available
as off-the-shelf systems to retrofit/convert existing pressure-based sprayers. With the ability to
use systems from other manufacturers, producers can choose the most cost-effective solution that
often comes from companies that specialize in spraying technology. The overall objective of this
study was to conduct a field evaluation of a commercially available PWM spray system to
characterize its performance under dynamic conditions.
2.3

Objectives
1. To outfit an existing conventional pressure-based boom sprayer with PWM
application control using commercially available components.
2.

To evaluate and characterize the individual nozzle flow accuracy and boom
uniformity of the PWM application control system under dynamic conditions.

3. To evaluate and characterize the flow accuracy of individual nozzles when the turn
compensation system varies the flow rate across the boom under dynamic conditions.
2.4

Materials and Methods
For this study, a conventional pressure-based boom sprayer was converted to PWM

application control with a constant pressure system. To accomplish this, commercially available
hardware and components were utilized and installed onto an existing sprayer in accordance with
manufacture instructions. The existing sprayer consisted of a 8.13 m (26.67 ft) three-point wheel
boom broadcast sprayer toolbar (Wilmar Fabrication LLC, Benson, MN) equipped with a 1036
14

liter (300 gal) tank and hydraulically driven 61 lpm (16 gpm) centrifugal pump (Ace Pumps,
fmc-150-hyd-206, Memphis, TN). A Raven Hawkeye nozzle control system (Raven Industries
Sioux Falls, S.D.) was utilized as the application control system. System components included a
rate controller, flow meter, pressure sensor, control valve, PWM solenoids, and wiring harness
(fig 2.3). The Raven control system was interfaced though the ISOBUS communications
terminal with an Ag Leader InCommand 1200 machine application control in-cab monitor (Ag.
Leader Technology Des Moines, IA). The InCommand 1200 served in-cab as the interface and
control of all the system components The Raven Hawkeye system was selected due to its ability
to easily interface with the in-cab Ag Leader InCommand 1200 monitor already installed in the
tractor. Raven is also recognized as one of the industry’s leading manufacturers of application
control technologies, and this configuration would be representative of a common spraying
system and technology currently in use.

15

Figure 2.3

2.4.1

Illustration of PWM system plumbing and controls layout as installed per
manufacturer recommendations

Boom Section Design and Layout
The spray boom configuration can be seen in Figures 2.4 and 2.5. The spray solution of

pesticide and water from the main tank is distributed to the boom sections through the manifold
to each of the four 2.54 cm (1 in) inner diameter distribution lines, which are of equal length to
maintain symmetry relative to basic fluid mechanic principle to ensure uniform distribution to
each boom section. The boom consists of 4 sections with 4 nozzles per section (2 inner and 2
outer) for a total of 16 nozzles. Each section was constructed with Wilger (Wilger Lexington,
TN) 2.54 cm (1 in) inner diameter stainless steel wet boom piping. Boom sections were equipped
with drains at both ends to assist with clearing the boom sections of any residual chemicals (fig
2.5). Spray solution entered the boom sections through a tee located in the middle of each
16

section. Teejet (Teejet Technologies Springfield, IL) nozzle bodies with XR110-04 tips coupled
with Raven PWM solenoid valves (Raven Industries Sioux Falls, S.D.) were installed on the wet
boom with the nozzles spaced 0.51 m (20 in) apart commensurate with common spacing in the
industry. The total boom width was 8.13 m (26.67 ft) capable of broadcast spraying typical field
crop row spacing scenarios of 51, 97, 102 cm (20, 38, 40 in) row widths.

Figure 2.4

Illustration of wet boom layout, sections, nozzle locations, and dimensions.

Figure 2.5

Illustration of wet boom section and components

2.4.2

Dynamic Evaluation of Nozzle Flow Rate Under Strait Line Travel
Initial flow rate calibration was required to ensure that the system was properly

calibrated, and to ensure that individual nozzles were within the allowable standard of ±10%
17

error per ASABE standard S592.1 (ASABE, 2016) when spraying in a straight line. To
characterize individual nozzle flow accuracy and boom uniformity of the system, nozzle flow
rate as a function of duty cycle based on ground speed and desired flow rate was dynamically
tested for each of the 16 nozzles at the Agricultural and Biological Engineering research facility
on the campus of Mississippi State University. The spray system evaluation consisted of the
dependent variable nozzle flow rate, as a factor of the independent variable speed. Pressure and
application rate was set to remain constant at 275 kPa (40 psi) 93.54 L ha-1 (10 gpa). The Ag
leader InCommand 1200 monitor was utilized to simulate ground speeds of 8, 12.9, and 16.1 km
h-1 (5, 8, and 10 mph) for dynamic testing. For each speed, the duty cycle was adjusted by the
monitor to apply the proper rate. For all nozzles at each speed, a 1000 ml graduated cylinder with
graduation increments of 20 ml was placed under the nozzle to collect the volume output over a
30 second sampling interval. The collected volume was used to calculate actual nozzle flow rate.
This procedure was replicated 3 times. Mean nozzle flow rate was used to calculate the percent
error between target nozzle flow rate and actual nozzle flow rate for each nozzle. Additionally,
coefficients of variation (CV) were calculated for mean nozzle flow rates across the boom for
each speed to evaluate consistency and uniformity of flow for the boom.
2.4.3

Turn Compensation Evaluation
To characterize the flow accuracy of individual nozzles and dynamic boom response

under field conditions when the turn compensation system varies the flow rate across the boom, a
field experiment was conducted in an open gravel lot area adjacent to the Mississippi Horse Park
at Mississippi State University. The gravel lol provided a sound base and sufficiently level and
open area in which to operate. Individual nozzle flow rate as a function of duty cycle, ground
speed, turn radius, operational direction (clockwise or counterclockwise) and pressure was
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dynamically tested and evaluated for each of the 16 nozzles. The dependent variable for the
experiment was nozzle flow rate. The independent variables were operational direction and turn
radius. Because turn compensation increases flow rate for outside nozzles and decreases flow
rate for inside nozzles, limitations exist for tight turns with regard to PWM duty cycle range and
target application rate. Therefore, the parameters of turn radii, speed, tip size, and pressure were
selected based on several factors and limitations, including boom width, commonly experienced
rates, appropriate ground speeds for turns, and field contour navigational scenarios, and with
regard to the allowable limits of PWM nozzle duty cycles. Radii of 125%, 250% and 500% of
the 8.13 m (26.67 ft) boom width were created, resulting in radii of 10.16, 20.32, 40.64 m (33.33,
66.67, and 133.33 ft), respectively. These radii allowed the nozzles across the entire boom to be
able to compensate for the turn without reaching the minimum PWM duty cycle of 25% or
maximum duty cycle of 100% and requiring more flow than the tip size would allow. Guidance
lines for each of the three calculated radii were created in Ag Leader SMS Advanced software
(Ag. Leader Technologies, Des Moines, IA) and input into the Ag. Leader monitor to serve as
guidance line curves for the tractor to follow using GPS autosteer (fig 2.6). Pressure, travel
speed, and application rate were set to remain constant at 275 kPa (40 psi), 8 km h-1 (5 mph), and
140.31 L/ha (15 gpa), respectively.
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Figure 2.6

2.4.4

Illustration of guidance line circles that were created for radii of 10.16 (33.33 ft)
(a), 20.32 m (66.67 ft) (b), and 40.65m (133.33 ft) (c) to be driven in clockwise
and counterclockwise directions

Data Collection
18.9 L containers were hung securely under each nozzle to catch the volume of solution

that exited the nozzles for each treatment and replication (fig. 2.7). Containers were labeled and
assigned to be used with the same nozzle throughout the experiment to minimize sample error.
GPS guided autosteer was used to navigate the tractor along the respective guidance line radii
and direction at a steady speed of 8 km h-1 (5 mph). While underway, the sprayer was turned on
to spray volume along that turn for 1 minute. Each container was then weighed and recorded by
nozzle number. The weight of each container was subtracted out to calculate the volume of water
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(ml) collected over the 1 minute sampling period for each nozzle and to determine the individual
nozzle flow rate. Containers were thoroughly dried between replications to minimize error. Each
nozzle was considered to be an experimental unit, with 6 treatments in total. Each treatment was
randomized and replicated 3 times for a total of 288 samples collected. Data were analyzed to
calculate the percent error between predicted target nozzle flow rate and actual nozzle flow rate
for each nozzle. Additionally, coefficients of variation (CV) were calculated for mean nozzle
flow rates for each nozzle for each test to evaluate repeatability of the nozzle performance.

Figure 2.7
2.5
2.5.1

Illustration of containers secured below each nozzle to collect the volume of water
sprayed over 60 seconds.

Results and Discussion
Strait Line Travel Results
When spraying in a straight line, flow rates should be uniform for each nozzle across the

boom with changes in flow rate corresponding to changes in speed. A dynamic evaluation of
PWM system during strait line travel at speeds of 8, 12.9, and 16.1 km h-1 (5, 8, and 10 mph) was
21

conducted to determine the percent error between target nozzle flow rate and actual nozzle flow
rate. Pressure and application rate were set to remain constant at 275 kPa (40 psi) and 93.54 L ha1

(10 gpa). The percent error between target and actual flow rate for each nozzle is presented in

table 2.1. Target and actual nozzle flow rates during strait line travel for the 3 speeds tested are
illustrated in figure 2.8. Deviation from the target was experienced for all nozzles, but, overall,
all nozzles were within the acceptable range of ±10% error per ASABE standard S592.1.
Additionally, all error percentages were positive, indicating that actual flow rate was above
target flow rate in all cases, although only slightly and within allowable limits. This could
potentially be further corrected by adjusting calibration. Higher flow rates from target occurred
consistently for nozzles 1, 5, 9 and 16 across all speeds, with nozzle 16 experiencing the highest
error of 9.85% at the 8 km h-1 (5 mph) speed. CVs calculated for mean nozzle flow rates across
the boom for the 3 speeds of 8, 12.9, and 16.1 km h-1 (5, 8, and 10 mph) were 2.5, 2.5, and 1.6%,
respectively (Table 2.1). These low CVs indicate uniformity and consistent boom performance
across the three speeds evaluated. Individual nozzle discrepancies could be attributed to
manufacturer inconsistencies among PWM solenoids and spray tips or potential wear within
spray tips or the moving parts of the PWM solenoids. These data verify overall dynamic boom
performance and individual nozzle performance is consistently within allowable limits across
tested speeds.
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Table 2.1

Percent error between target and measured nozzle flow (averaged over 3 replications) for each nozzle position and CV
of the entire boom for 3 speeds of 8, 12.9, and 16.1 km h-1 (5, 8, and 10 mph) in the straight line test
Nozzle Position
-1

[1]

Speed (km h )

CV

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

8

2.5%

6.7

1.1

3.9

2.6

7.0

3.6

0.4

4.2

0.1

1.1

2.9

4.2

3.6

2.9

9.9

12.9

2.5%

6.9

2.0

3.6

1.6

6.3

0.8

0.4

5.5

0.0

0.4

1.6

2.0

0.8

0.8

7.5

16.1

1.6%

3.6

0.8

0.4

0.3

0.8

1.7

1.2

1.1
0.3
2.0

3.9

2.8

0.4

1.7

1.5

0.8

2.3

6.7

Errors with negative values indicate under application.

23

Figure 2.8

2.5.2

Illustration of target and measured nozzle flow rate for the 16 nozzles at 3 speeds
of 8, 12.9, and 16.1 km h-1 (5, 8, and 10 mph).

Turn Compensation Results
As a spray boom swings during a turn, the turn compensation function adjusts nozzle

flow rate in proportion to its speed based on its position along the boom, thus maintaining
uniform application rate while turning. A dynamic performance evaluation of turn compensation
was conducted to measure application rates at each nozzle for 3 turn radii and two operational
directions (clockwise and counterclockwise) to determine percent error between target nozzle
flow rate and actual nozzle flow rate. Pressure, travel speed, and application rate were set to
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remain constant at 275 kPa (40 psi), 8 km h-1 (5 mph), and 140.31 L ha-1 (15 gpa), respectively.
For all treatments, some level of error was observed for all nozzles, but all fell within the
standard acceptable level of ±10% error as specified by ASABE Standard S592.1 (ASABE,
2016). Overall, individual nozzle flow rate errors ranged from -6.5% to 8.1%, with nozzle 16
consistently having the highest error, ranging from 3% to 8.1%, which is consistent with results
from the strait line tests.
The actual nozzle flow rates for the 125% radii are similar to the desired target flow rates
as seen in figure 2.9. Nozzle errors ranged from -6.7% to 7.5 percent as presented in table 2.2.
Overall, rates were applied slightly below the target. Nozzles 1, 5, and 9 applied rates slightly
above target for the counterclockwise direction. A notable over-application was observed for
nozzle 16 in both directions, which is consistent with the strait line tests. CVs calculated for the
individual nozzles during the 125% radii tests also ranged from .7% to 4.0% which suggest that
the nozzle performance is consistent. CVs for the clockwise direction range from 1.8 to 3.3%.
Excluding nozzle 1, whose CV was 4.0%, CVs for the counterclockwise direction were lower,
ranging from .07 to 1.8%, indicating lower variability for the counterclockwise direction. The
counterclockwise turn also had a lower overall boom error of -1.5% compared to the -3.7% error
for the clockwise direction indicating that the counterclockwise turn has less misapplication.
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Table 2.2

Percent error between target and measured nozzle flow (averaged over 3 replications) for each nozzle position and CV
for each nozzle position for each nozzle position for each direction of the 125% radii turn test

Direction
CW
CCW
[1]

% error
CV
% error
CV

1
-3.1
2.6%
1.4
4.0%

2
-4.2
2.7%
-1.0
1.2%

3
-5.0
2.7%
-3.0
1.3%

4
-5.1
2.5%
-2.3
1.7%

5
-0.5
2.7%
2.6
1.8%

6
-4.5
2.5%
-2.9
1.3%

7
-6.5
2.3%
-4.2
1.3%

Nozzle Position
8
9
-6.5
-2.5
2.6% 2.6%
-3.8
1.0
1.3% 0.8%

Errors with negative values indicate under application.
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10
-5.3
1.8%
-3.8
1.2%

11
-6.7
2.7%
-4.2
0.7%

12
-2.5
2.6%
-0.1
1.5%

13
-3.7
2.9%
-1.7
1.6%

14
-4.7
2.0%
-3.4
0.8%

15
-2.1
3.3%
-1.5
1.4%

16
7.5
2.5%
3.0
1.5%

Figure 2.9

Measured and target flow as a function of nozzle position for the 3 trials of the
125% radii

The actual and target flow rates for the two turning directions of the 250% radii are
shown in figure 2.10. Measured nozzle flow is similar to the desired target flow. Some deviation
from the target rate is evident but appeared to be consistent. Overall, nozzle errors ranged from 4.9 to 7.3%, as presented in table 2.3. Nozzle 16 consistently applied rates above the target, with
7.3 and 4.1% errors for the clockwise and counterclockwise turns, respectively. Errors for
nozzles 1-15 ranged from -4.9 to 1.7%, with most nozzles applying rates below the target. CVs
calculated for each nozzle from the measured flow values across the three replications for the
clockwise direction of the 250% radii ranged from .2% to 2.6%. The CVs for the
counterclockwise direction had a smaller range of CVs ranging from .2 to 1.9% suggesting
slightly less variation for the counterclockwise direction. The low CVs indicate the results are
repeatable and the nozzles are performing consistently. The overall volumetric boom error is
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lower for the counterclockwise direction with a -1.9% error compared to the clockwise direction
having a -2.2% error.
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Table 2.3

Percent error between target and measured nozzle flow (averaged over 3 replications) for each nozzle position and CV
for each nozzle position for each nozzle position for each direction of the 250% radii turn test
Nozzle Position

Direction
CW
CCW
[1]

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

% error

-1.4

-2.4

-3.5

-3.7

1.5

-4.2

-4.9

-3.7

0.3

-4.9

-6.0

-2.1

-2.7

-3.2

-1.0

7.3

CV

0.9%

0.7%

1.3%

0.8%

1.5%

2.6%

1.6%

0.8%

1.3%

0.2%

0.6%

1.9%

0.9%

0.2%

0.5%

0.5%

% error

-1.3

-1.0

-3.4

-3.1

1.7

-3.4

-4.8

-3.8

-0.7

-3.9

-4.4

-0.7

-1.8

-3.6

-1.9

4.1

CV

1.2%

0.5%

1.7%

1.3%

0.9%

1.3%

0.7%

1.0%

0.9%

0.2%

0.5%

0.7%

0.9%

0.8%

0.6%

1.9%

Errors with negative values indicate under application.
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Figure 2.10

Measured and target flow as a function of nozzle position for the 3 trials of the
250% radii

The measured and target nozzle flows for the 500% radii are illustrated in figure 2.11.
Consistent with the 125 and 250% radii results, some deviation from the target is evident, but
appeared to be consistent. Nozzle errors ranged from -4.7 to 8.1%, as presented in table 2.4.
Nozzles 5 and 16 applied rates above target, with nozzle 16 having the highest error for both
turning directions at 8.06% and 6.18% for the clockwise and counterclockwise directions,
respectively (Table 2.4). Though these errors are within the allowable limit per ASABE standard
S 592.1, they are of notable difference to the rest of the boom (ASABE 2016). Even with
consistent over-application errors, the CVs for nozzle 16 during the 500% radii test were only
1.74% and 0.94% for the clockwise and counterclockwise turns, respectively, which suggest that
the errors were not random and are linked specifically to nozzle 16 and not influenced by the
turn direction. CVs for the clockwise direction of the 500% radii test ranged from .1.4 to 2.3%
while for the counterclockwise direction the CVs ranged from .2 to 1.6% which indicates
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consistent nozzle performance for all nozzles. The lower CVs for the counterclockwise direction
suggest that the sprayer performed more consistently when turning in the counterclockwise
direction. The overall boom error is also lower for the counterclockwise direction with an error
of -.9% while the clockwise direction boom error was -1.2%.
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Table 2.4

Direction

Percent error between target and measured nozzle flow (averaged over 3 replications) for each nozzle position and CV
for each nozzle position for each nozzle position for each direction of the 500% radii turn test

1
2
3
4
5
%
0.0
-1.1
-2.8
-3.0
2.3
error
CW
CV 1.7% 1.6% 2.0% 1.5% 2.1%
%
-0.1
-0.7
-1.7
-1.8
2.6
error
CCW
CV 0.7% 0.5% 0.8% 0.8% 0.7%
[1]
Errors with negative values indicate under application.

Nozzle Position
8
9

6

7

10

11

12

13

14

15

16

-2.2

-3.3

-3.6

0.7

-4.1

-4.7

0.6

-1.0

-2.9

-0.6

8.1

2.1%

2.1%

1.4%

1.8%

2.2%

1.7%

1.2%

1.7%

1.9%

2.3%

1.8%

-2.4

-3.3

-3.3

0.7

-2.7

-3.6

1.1

-1.8

-2.4

-0.9

6.2

0.7%

0.2%

0.9%

0.5%

1.4%

0.7%

1.6%

1.3%

0.8%

0.6%

0.9%
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Figure 2.11

Measured and target flow as a function of nozzle position for the 3 trials of the
500% radii

Though the errors measured in this study fell within the acceptable limits set by ASABE
standard S592.1, there were error trends with nozzle 5 and 16 consistently producing higher flow
rates than target across all treatments (ASABE, 2016). This may be attributed to slight
manufacturer discrepancies in the PWM solenoids or nozzle tips, as the nozzles with the highest
errors in the turn compensation trials showed similar errors in boom evaluation of straight paths.
Slight differences were observed in application error and nozzle variation with regard to
direction. For all treatments, the clockwise direction experienced higher overall boom errors and
CVs than the counterclockwise direction. This could be a result of slight discrepancies in the
GPS or rate control system. Further investigation is necessary to determine the cause.
To gauge overall system performance, total boom application error was calculated for
each of the radii tested by calculating the percentage difference between the total target volume
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for the boom and total measured volume for the boom for all tests during at each radii. The 125%
turn radius test experienced the highest boom error with the overall volume being 2.6% under the
desired rate. The boom error also decreased as the turns became wider as the error decreased to –
2.09% and -1.01% for the 250% and 500% radii respectively. These reductions in boom error as
turn radii increased suggest that error becomes more prevalent as turn radii increases, as the rate
controller must compensate for a wider range of target rates across the boom. Overall, these data
indicate that the evaluated system performed as expected when nozzles are within the acceptable
operating range of the PWM capabilities. Also, turn angle should be considered, as application
error was higher for tighter turns. This is especially important for large commercial sprayers, as
sharp turns can easily exceed the mechanical limits of the PWM capabilities for wide boom
sprayers that are often 36.5 m (120 ft) wide or larger.
2.6

Conclusions
PWM technology offers the ability for individual nozzle control, reducing overlaps and

misapplications while also serving to minimize drift by maintaining a constant pressure as the
sprayer changes speeds as it moves across the field. Moreover, this individual nozzle control also
allows for turn compensation, which is a feature that automatically adjusts the rates of individual
nozzles when turning based on speed, radius, and boom width. This study served to outfit a
conventional pressure-based sprayer with a commercially available PWM nozzle control system
and to evaluate its performance under dynamic conditions. The flow accuracy of individual
nozzles and overall boom uniformity was characterized when spraying in a straight line and
along turns when the turn compensation feature was utilized. For both the strait line and turn
compensation evaluations, all nozzles performed within the plus or minus 10% allowable error
limits set by ASABE standard S591.1 (ASABE, 2016), however consistent error trends were
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observed for some nozzles. These consistent trends revealed that the control system was not the
cause of the errors, rather they were attributable to differences in the tips or PWM solenoids. The
controller adequately maintained rate during turns along all three radii (125%, 250%, 500%) that
were tested, though the errors were slightly higher for the tighter turns. Although slight
differences were observed in error and variation with respect to turn direction, rate was
maintained within allowable limits regardless of direction of travel, as all nozzle errors were
consistent with the nozzle position along the boom and not relative to the position in the turn.
Overall, the system provides accurate performance, and the turn compensation feature can
eliminate over and under application as long as physical system limitations are not exceeded.
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CHAPTER III
EVALUATION OF RESPONSE TIME FOR DIRECT INJECTION SYSTEM
3.1

Introduction
Direct injection is a method for variable rate product control, where the chemical is

injected into the carrier (water) stream on the go instead of it being tank mixed (fig 3.1). With
this method multiple products can be applied in a single application through separate injection
pumps. Direct inject systems utilize positive displacement pumps and tanks holding undiluted
pesticides to meter them into the carrier line at rates proportional to concentrations that would be
found in tank mixed solution. Positive displacement pumps are digitally controlled to directly
inject chemical into the carrier line. In this configuration, the carrier is delivered at a constant
flow rate while chemical is injected and mixed prior to exiting the nozzles (Sumner et al., 1998).
Direct injection is unique to conventional spray technology in that it provides a means of control
to independently vary the delivery rates of multiple pesticides on the fly based on changes in
ground speed or prescribed rate while holding overall application rate constant. This technology
creates opportunities for development of spray prescription maps with enhanced levels of rate
control and allows for integration into autonomous spray technology. With direct injection, tank
mixing of is eliminated, as the chemical is contained separately from the carrier until the time of
injection. Although injection tanks and lines still must be rinsed, chemical exposure is reduced,
and disposal of leftover tank mixes is eliminated (Sumner et al., 1998). This method also has the
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potential to minimize antagonistic effects of certain chemicals when they are mixed in a tank
(Meyer & Norsworthy, 2018).

Figure 3.1

Illustration of recommended injection point location from schematic layout of
Raven Sidekick Pro direct injection system (Raven, 2016)

Direct injection has been shown to have two main disadvantages. The first is in the
additional expense to purchase and install the specialized hardware and system components such
as pumps, wiring, plumbing components, and tanks to contain each undiluted chemical (Pierce
and Ayers, 1998). As chemicals are added to the system, additional injection pumps and the
corresponding hardware must be added to meet the system demand. Moreover, the high precision
pumps that are required to accurately meter small volumes of chemical are expensive, so each
additional pump adds to the system cost. (Sui et al., 2003). As each revolution moves the same
fixed volume in these positive-displacement pumps, pump speed is directly proportional to rate.
Another advantage to positive displacement pumps is their ability to pump into the pressure side
of a spray system, as they will always pump the same fixed volume and do not allow backflow
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against the pump. Another major disadvantage of direct injection in its current form is the long
transport time delay between the initial injection point into the carrier line and the final discharge
at the nozzle. The distance that the chemical must travel after it is injected into the carrier creates
the delay in chemical exiting the nozzle and can contribute to incorrect applied chemical rates
that do not correspond to the intended application. The injected chemical must also thoroughly
mix with the carrier volume in the hoses as it flows toward the discharge point in order to
achieve target rates of application. Though this mixing would seem to occur quickly once the
chemical is injected, delays in system response and chemical mixing cause misapplication when
the rates of the injection solution are changed. In this situation the previous injection
concentration in the carrier lines will mix with the new injection concentration causing some
level of concentration discrepancy as the two solutions overlap within the system that will be
seen as some amount of rise time for the carrier concentration to fully reach the desired new
injection concentration. These misapplications become apparent when the concentration at the
nozzle exit do not match the desired rate to be applied (Walker and Bansal, 1998).
The site of the chemical injection is important, as it affects both mixing quality and delay
time to reach the exit point on the boom (Luck et al, 2019). It is important that the chemical
becomes fully mixed with the carrier solution to ensure that inconsistent concentrations are not
applied when the solution exits the nozzles. To mix evenly, the solution must have the proper
amount of time to reach equilibrium while traveling through the boom. The time needed for this
to take place can be decreased by injecting before the carrier pump and/or adding a mixing
chamber or some other physical disturbance within the solution line to create turbulent flow
within the carrier stream to assist with mixing. Tompkins et al. (1990) assessed importance of the
chemical injection site and how relocating the injection site affected the variation in chemical
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concentration. Chemical was injected at a point upstream of the carrier pump, post carrier pump,
and at individual nozzles. Injecting before the carrier pump led to consistent chemical
concentrations with maximum concentration variations of 2.3% as chemical experienced proper
mixing when going through the high-pressure pump. Injecting after the carrier pump resulted in
inconsistent concentrations with maximum variations of 5-11%. When injecting directly into the
nozzle body, concentration variation rose to 19%, which indicated that a major decrease in
proper mixing was occurring. Luck et al. (2019) evaluated direct injection at individual nozzles
using high pressures. It was found that high pressure reduced error from duty cycle of the
injection system. This was tested using variable flow nozzles, and it was found that chemical
concentrations ranged from 2.5% to 7.5% while testing at steady discharge rates. Miller and
Smith (1992) also developed a system to inject chemical just before the nozzle. It was concluded
that proper design of an orifice system that properly metered chemical and helped with mixing
greatly reduced concentration variation between nozzles. These studies support the importance of
precise chemical flow regulation and proper mixing.
Transport delay time is the amount of time it takes for the proper chemical concentration
at the nozzle to be reached from the time when the chemical is first injected at the injection site.
This time is increased in proportion to the distance from the injection site to the exit point on the
boom. Studies show similar results, as the chemical takes considerable time to reach the proper
concentration in the boom when injected upstream of the boom valves (Anglund and Ayers,
2003; Tompkins et al., 1990; Rockwell and Ayers, 1996). This transport time has been shown to
be decreased by moving the injection point closer to the nozzle exit point and/or increasing flow
rate of the carrier solution to transport the mixed solution through the lines more quickly.
Although changing the flow rate may be simpler, it will not solve the issue of long delay times
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(Anglund and Ayers, 2003). Tompkins et al. (1990) evaluated a sprayer where the injection point
was approximately 3.5 meters from the boom. The delay time for concentration to reach
equilibrium across the boom was 26 seconds when injected before the pump and 23 seconds
when injected just after the pump. Delay time was significantly reduced when the injection point
was closer to the nozzle (Tompkins et al., 1990). Rockwell and Ayers (1996) also determined the
delay time to be significantly reduced when injecting at individual nozzles, as their delay time
was 2.5s in their system. Another potential way to reduce both delay time and chemical
concentration variation could be to use PWM to pulse inject the chemical at the individual nozzle
level. Downey et. al. (2006) accomplished at-nozzle PWM chemical injection with a roadside
sprayer system. It was demonstrated that transport delay time was very low, mixing was
adequate, and that pulse injecting with PWM is feasible and provides adequate control to meter
the desired volumes of chemical entering the nozzle (Downey et al., 2006).
A further level of VR application control is a combination of direct chemical inject
technology and PWM nozzle control. This sophisticated combination requires one control loop
to manage the injection pump(s) and another to control individual nozzle level application rate,
both of which can be independently managed simultaneously based on changes in ground speed
and prescribed application rate. Advantages of combining these technologies include the ability
to maintain constant droplet size and spray coverage by applying a consistent rate of carrier
volume while maintaining the ability to change the rates of chemical for prescribed variable rate
applications. These combined technologies provide more range of chemical rates as the direct
injection pump can supply a wide range of chemical rates.
In summary, off the shelf PWM and Direct Inject systems are commercially available.
The combination of PWM + Direct Inject technologies could provide producers with a useful
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multi-product spray application control system that eliminates the negative aspects and
limitations of tank mixing, minimizes cleanup and chemical exposure, and provides greater
flexibility with regard to chemicals and rate control. Additionally, these combined technologies
serve to provide a robust platform in support of development of advanced prescription based
variable rate applications, sensor-based rate control and autonomy, and machine learning
systems. Off the shelf systems are commercially available. However, even with these potential
benefits, a major limitation in this design is transport delay time, requiring further consideration
when designing a spraying system utilizing these technologies.
The overarching objective of this study was to evaluate the performance of a
commercially available direct inject injection system and to propose modifications for
improvements. Specific objectives of this study are as follows:
3.2

Objectives
1. To outfit a PWM nozzle control boom sprayer with a commercially available direct inject
system.
2. To characterize injection system’s response time and uniformity for delivering accurate
target concentrations of solution to individual nozzles.
3. To improve the injection system’s response time by relocating the injection point closer
to the nozzle exit.

3.3
3.3.1

Materials and methods
Overview of the System
A Raven direct injection system was added to the aforementioned Raven Hawkeye PWM

rate control system described in Chapter II of this manuscript. The direct injection system was
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initially constructed to have two Raven Sidekick Pro ICD 1 to 40 oz/min direct injection pumps
(fig 3.2). It is noted that, although two pumps were initially installed, only one pump was
utilized and tested for this study. Therefore, future discussion of the direct inject system design
and configuration will be in reference to a singular pump configuration. The injection pump was
configured and plumbed in accordance with manufacture recommendations to inject undiluted
chemical into the carrier line. As in most commercial applications, the injection site was located
at a point after the carrier pump, but before the distribution lines branch off to individual boom
sections as illustrated by fig 3.3. The chemical supply line from the injection pump to the point
of injection utilized a check valve to ensure carrier solution (water) could not travel back towards
the injection pumps. Additionally, a check valve installed in the carrier line prevented back flow
of injected chemical into the carrier tank and contamination of the carrier solution. After the
injection point, a mixing chamber was installed to ensure the water carrier and injection solutions
were thoroughly mixed. In addition to the PWM solenoids, the injection pump was also
controlled by the Raven Hawkeye rate controller. The rate controller was interfaced by the Ag
Leader InCommand 1200 in-cab monitor and used to configure, monitor, and alter parameters of
the direct inject system including, signaled on/off, rate changes, pressure, and pump efficiency.
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a)

b)

Figure 3.2

Illustration of installed Raven Sidekick Pro ICD 1-40 oz/min direct injection
pumps (a) and schematic (b) (Raven, 2016)

Figure 3.3

Illustration of installed plumbing scheme, components, and injection point into
main carrier line

3.3.2

Injection Pump Calibration
A calibration of the injection pump is recommended by the manufacturer to ensure

accuracy. In accordance with these pump calibration procedures, a static test was performed to
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measure the volume pumped by the injection pump for one minute. Water was added to the
pump tank and the pump was signaled on for a period to bleed air from the lines. Pump rate and
simulated tractor speed were set to 1.4 L ha-1 (20 oz/acre) and 8 km h-1 (5 mph). Water was
collected from the exit of the injection pump into a graduated cylinder to determine the rate of
discharge in ml/min. This procedure was also performed for injection rates of 2.8 and 4.2 L ha-1
(40 and 60 oz/acre). Each rate was replicated 3 times to ensure all results were consistent for a
total of 9 volumes collected overall. It was determined that there was an average error of 4.97%
for the injection pump. The injection pump was then recalibrated where the pump’s initial
calibration coefficient was reduced by 5%. After adjusting the calibration coefficient, the tests
were performed again, and it was determined that the injection pump was within 1% error for all
tests.
3.3.3

Dye Dilution Rate Determination for Spectral Analysis
From the literature, a successful method of evaluating the flow dynamics of a direct

injection system includes injecting a dye solution of known concentration into the carrier. From
it, can then be calculated based on rates what the output concentration should be when chemical
at equilibrium exits the nozzle. Tompkins et al. used a potassium bromide solution of known
concentration and manually moved the boom over 12 rows of containers while spraying. The
concentration of each container was then determined with a conductivity meter (Tompkins et al.,
1990). Another study used three different FD&C dyes of different concentrations in their
injection system and spectral analysis to determine delay times of multiple injection pumps. The
concentration for each dye was selected to maximize the spectrophotometer’s range at where
measurements would be taken. Samples were then taken every 20 seconds for two minutes at
each of the three boom sections and analyzed in a spectrophotometer to determine the
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concentration of each product. The delay time was then calculated from duplicated tests of these
captured concentrations (Sui et al., 2003). Therefore, this methodology was determined as
feasible and was selected as the basis for determining concentration of samples collected in this
study.
A spectrophotometer measures the intensity of a known wavelength of light after it
passes through a sample. Intensity is expressed as absorbance unit (au) to quantify the amount of
light that is absorbed by a sample. For samples of clear water the spectrophotometer is
calibrated, with this value is established as the maximum intensity and shown as 0 au. When dye
solution is added to the solution the spectrophotometer measures the intensity of light that is
absorbed by the dye solution and is directly proportional to the concentration of dye that is
present in the solution. A higher intensity will equate to a higher concentration level and vice
versa.
To evaluate transport delay times using the aforementioned dye methodology, dilution
rates for the injection solution were established to maximize the spectrophotometer’s range and
so that the mixed carrier/dye solution could be visibly detected when exiting the nozzle.
Measured volumes of green FD&C food coloring dye ranging from 0.5 – 7 ml were added and
mixed into separate graduated cylinders containing 1 liter of water to form varying ratios of dye
to water by volume mixtures. Samples from these mixtures were analyzed with a
spectrophotometer (Unico 3802 UV/VIS, Hong Kong) to determine the ability for the
spectrophotometer to accurately analyze the dye concentration without saturating the
spectrophotometer’s sensor (fig 3.4). It was then determined that the concentrations of dye from
.5 to 7 ml of dye in 1 liter of water could be accurately analyzed by the spectrophotometer, with
the results being linear, as illustrated in figure 3.4. The different amounts of carrier solution
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were then removed to determine what the appropriate amount of dye in the injection solution
would be to use on all tests. From these obtained readings, it was determined that the injection
solution should contain 158 ml of dye per 1 liter of injection solution.

Figure 3.4

3.3.4

Illustration of the ml of dye per 1 liter of solution that were accurately measurable
by the spectrophotometer.

Visual Transport Delay Time Determination
To establish a baseline for transport delay time and evaluate boom uniformity with regard

to boom section and nozzle position (inner and outer) within each boom section, a timed visual
observation experiment was conducted. The boom configuration illustrating wet boom sections
and inner and outer nozzle locations for each boom section can be seen in Figure 3.5. As
illustrated, undiluted chemical is injected into the pressurized carrier line and immediately mixed
within the mixing chamber before entering the distribution manifold. The mixed solution is
distributed to the boom sections through the manifold to each of the four 25.4 mm (1 in)
diameter distribution lines, which are of equal length to create symmetrical fluid flow mechanics
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and to ensure uniform distribution to each boom section. To minimize delay time, the
distribution line length of 3.81 m (12.5 ft) was selected as the shortest feasible distance possible
to connect the outside boom sections 1 and 4 to the distribution manifold. After leaving the
manifold, mixed solution enters each wet boom section through a tee fitting located in the center
of each section before exiting through the nozzles, as illustrated in Figure 3.5.
The 8.13 m (26.7 ft) long boom contains 16 nozzles spaced 0.54 m (20 in) apart and is
made up of 4 wet boom sections with four nozzles per section containing 2 inner and 2 outer
nozzles. The center-boom supply configuration suggests the inner nozzles may receive mixed
solution prior to the outer nozzles, resulting in non-uniformity and differences in delay times for
inner and outer nozzle positions, respectively. As a result, transport delay time differences
between the 4 boom sections and nozzle positions (inner and outer) within each boom section
will be considered and analyzed for differences.

Figure 3.5

Schematic layout of system illustrating wet boom sections and nozzle position,
inner and outer
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In the experimental design, the dependent variable was the response time between
signaled initiation of the system on and visual detection of dye exiting the nozzle against a
visibly contrasting background. The independent variable was simulated speed. The Ag Leader
InCommand 1200 monitor was used to interface the Raven Hawkeye rate controller to operate
the spray system under simulated conditions for speeds of 8, 12.9, and 16.1 km h-1 (5, 8, 10 mph)
at a carrier flow rate of 93.5 L ha-1 (10 gpa) and a chemical application rate of 4.2 L ha-1 (60
oz/ac). Green FD&C food coloring dye at the aforementioned established concentration of 158
ml per 1 liter of solution was mixed with water in the injection tanks to create the injection
solution. The injection system was primed to ensure that the supply lines were filled with dye
solution up to the check valve at the injection point. The carrier solution was set to a rate of 93.5
L ha-1 (10 gpa) at 16.1 km h-1(10 mph) and allowed to run for 4 minutes to ensure that the main
boom supply lines were completely rinsed out and void of any dye solution that might have been
present as a result of previous testing. The system was then set to simulate a speed of 8 km h-1 (5
mph) with a carrier solution rate of 93.5 L ha-1 (10 gpa) and injection rate of 4.2 L ha-1 (60 oz/A).
The injection rate of 4.2 L ha-1 (60 oz/A) was selected as that would allow a human to more
easily visually detect the point at which the dye solution exited the nozzles. Additionally, a white
piece of plastic material was placed under the nozzle and used as a contrasting background to aid
in visual detection.
At time 0 both the carrier and injection systems were signaled on simultaneously by the
controller, where the injection pump was injecting green dye solution into the carrier line. Each
nozzle was visually observed until a green color was clearly seen exiting the nozzle as illustrated
in fig 3.6. Times were recorded for each observation on all 16 nozzles. This process was
repeated for simulated speeds of 12.9 and 16.1 km h-1 (8 and 10 mph) and used to determine
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baseline delay times for each nozzle at each speed. Additionally, coefficient of variation (CV)
values were calculated for the inner and outer nozzle delay time values for each speed. It should
be noted that true delay time is defined as the time from the point of initial injection until full
chemical concentration is reached at the nozzle, and visual detection of the point at which dye
exits the nozzle neither implies nor assumes the solution is at full target concentration.

Figure 3.6
3.3.5

Illustration of visual test after injection dye reaches nozzle exit.

Spectral Analysis Transport Delay Time Determination
Results from the visual analysis of transport delay time and nozzle position uniformity

were used to establish methodologies for this section. Although the visual test established a
baseline transport delay time, it cannot be assumed that chemical concentration levels have
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reached full target concentration at the point of visual detection of dye from the nozzle.
Therefore, a spectral analysis of solution concentration samples collected at the nozzle over time
is necessary to determine when full desired concentration is reached at the nozzle. Additionally,
from the visual test, CVs calculated for inner and outer nozzle positions indicate uniformity
across boom sections with regard to nozzle position. One inner and one outer nozzle from one
boom section were selected for sampling concentrations for spectral analysis. In the experimental
design, the dependent variable was the response time between signaled initiation of the system
on and equilibrium of solution at the desired concentration and the independent variable was
speed.
Response time was tested at two speeds of 8 km h-1 (5 mph) and 16 km h-1 (10 mph).
Carrier flow rate and injection system flow rate were set to remain constant at 93.54 L ha-1(10
gpa) and 4.2 L ha-1 (60 oz/A), respectively. The injection system was primed, and the carrier
system was cycled with the injection system off for 4 minutes to ensure that no dye solution was
in the main boom lines. After this the sprayer was set to 8 km h-1 (5 mph) and 93.54 L ha-1(10
gpa) where both systems were turned on at time 0. Based on the visual delay test, it was
determined that the dye began to exit the outside nozzles after 95.3 seconds and the inner nozzles
after 67.8 seconds. Therefore, collection times for the spectral analysis were established at the
ranges from 60 to 180 seconds for the outside nozzle and 45 to 165 seconds for the inside nozzle
with samples being collected every 15 seconds.
For the 16 km h-1 (10 mph) test the sprayer was reset where there was no dye in the main
carrier lines. The visual delay test for 16 km h-1 (10 mph) determined that the dye began to exit
the outside nozzles after 48.5 seconds and the inner nozzles after 34 seconds. Therefore,
collection times for the spectral analysis were established at the ranges from 15 to 135 seconds
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for the outside nozzle and 0 to 120 seconds for the inside nozzle with samples being collected
every 15 seconds. Sample times were chosen based on the visual test to ensure samples were
collected before dye reached the nozzle exit, as concentration was rising, and after full desired
concentration had been reached. Figure 3.7 visually illustrates this rise in concentration as clear
carrier (left side) becomes fully concentrated with the desired rate of dye (right side). Each
collected sample was distributed into four 10 ml cuvettes where it was analyzed using a
spectrophotometer. This procedure was replicated 3 times for each speed.

Figure 3.7

3.3.6

Illustration of rise in concentration as clear carrier (left side) becomes fully
concentrated with the desired rate of dye (right side)

Injection Point Relocated to boom Section
After collecting data for a traditional setup, the injection point was relocated closer to the

nozzle exit with the goal of reducing transport delay times. To accomplish this, the injection
point was moved from the original location to a point considerably closer to the boom just prior
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to the carrier line entering each boom section, as illustrated in figure 3.8. Moving this injection
point allows the injection solution to be injected much closer to the exit point of the nozzles.
To evaluate the improvement in delay time for the relocated injection site, a speed of 16.1
km h-1 (10 mph) with two carrier rates of 93.5 L ha-1(10 gpa) and 187.1 L ha-1(20 gpa) were
selected. The higher 187.1 L ha-1(20 gpa) carrier rate was selected to determine if delay time
further improved by increasing carrier rate. A visual test was performed, as described in section
3.3.4, for both speeds to establish the approximate time when injection dye solution would begin
to reach the nozzle exit. Established methodologies, as described in section 3.3.5, for
determining sample collection time ranges for inside and outside nozzles and were employed.
Each sample collected was distributed into four 10 ml cuvettes where it was analyzed using a
spectrophotometer. This procedure was replicated 3 times for each carrier rate.

Figure 3.8

Illustration of relocated injection point just before the boom section tee fitting.
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3.3.7

Statistical Analysis
Absorbance values for each nozzle and treatment level were analyzed to determine if

differences exist in solution concentration levels for each timed sample collected across
replications. Data were analyzed for each treatment combination separately with PROC ANOVA
in SAS (ver. 9.4, SAS Institute, Cary, N.C.). Treatment means were separated using Tukey’s test,
with significance considered at P≤0.05.
3.4
3.4.1

Results and Discussion
Visual Delay Time Results
Overall mean delay times and CVs based on speed and nozzle position for the visual test

are presented in figure 3.9. Mean delay times for all visual tests ranged from 95.3 to 34 seconds.
Maximum mean delay times were observed for the 8 km h-1 (5 mph) speed, ranging from 95.3 to
67.8 s. As speed increased, response time improved, attributable to increased carrier flow. Delay
time for the 12.9 km h-1 (8 mph) speed ranged from 61.9 to 43.8 s. Minimum mean delay times
were observed for the 16.1 km h-1 (10 mph), ranging from 48.5 to 34 s. Moreover, the visual test
confirmed differences in delay time for inner and outer nozzle positions. As illustrated in figure
3.9, notable differences are observed for mean values of delay time for inside and outside
nozzles at each speed tested, where mean delay times for outer nozzles were higher than inner
nozzles. Also, as speed increased, differences in delay times between outer nozzles and inner
nozzles decreased. For speeds of 8, 12.9 and 16.1 km h-1 (5, 8, and 10 mph), delay time
differences between outer and inner nozzle were 28, 18, and 15 seconds, respectively. Finally,
CV values calculated for the inner and outer nozzle delay time values for each speed ranged from
1 to 3.7%. These low CVs indicate repeatable performance of the system and its ability to
uniformly distribute solution across all boom sections.
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Based on these results, it was determined that delay time was uniform for all inside
nozzles across the boom, with a maximum CV of 3.6% for the 12.9 km h-1 (8 mph) test. Delay
time was also uniform for all outside nozzles across the boom, with a maximum CV of 3.7 % for
the 12.9 km h-1 (8 mph) test. These results confirm uniform distribution across the boom with
respect to boom section and nozzle position and provide justification for only evaluating one
inner and one outer nozzle for the spectral analysis study. It should be noted that these visually
observed delay times were not assumed to be a complete characterization of delay time where
full concentration was reached, rather, it was considered to be when injection solution would first
begin to exit the nozzles. Delay times from the visual test were also used to estimate the range of
sampling times needed for the spectral analysis test to ensure that samples were collected prior to
injection solution reaching the nozzles exit for both the inner and outer nozzles.

Figure 3.9

Illustration of boom mean delay time based on speed and nozzle position for the
visual delay time test.
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3.4.2

Spectral Analysis Delay Time Results
Analysis using a spectrophotometer determined that when the injection point is located at

the manifold for a speed of 8 km h-1 (5 mph) it takes 150 and 120 seconds for the outer and inner
nozzles respectively to achieve full dye concentration. Figure 3.10 also illustrates that dye began
to exit the nozzles before 105 and 75 seconds for the outer and inner nozzles, respectively, but
there was a 45 second rise time until the concentration reached equilibrium at full concentration.
The means separation lettering indicates significant differences at the P ≤ 0.05 level. At 16.1 km
h-1 (10 mph) delay time was reduced to 90 and 60 seconds for the outer and inner nozzles,
respectively, to achieve full dye concentration even though dye began to exit the nozzles more
than 30 seconds prior to reaching this full concentration (fig 3.11).

Figure 3.10

Illustration of delay time at 8 km h-1 (5 mph) speed for the outside nozzle (a) and
inside nozzle (b)

55

Figure 3.11

Illustration of delay times at 16.1 km h-1 (10 mph) speed for the outside nozzle (a)
and inside nozzle (b)

With these long transport times, it would be difficult to incorporate the direct injection
system with on-the-go variable rate applications, even with look ahead prescriptions and control.
Also, when simply changing chemical rates in the field, it must be considered that there will be
considerable chemical waste due to cycling of the system to achieve full concentration rate at the
nozzles.
Delay times for a speed of 16.1 km h-1 (10 mph) and carrier flow rate of 93.5 L ha-1(10
gpa) were modeled for the current 16-nozzle boom configuration. Figure 3.12 illustrates the
initial start of injection solution at time zero, the rise in concentration, and when each nozzle
would reach full concentration. Under this scenario, the sprayer would have traveled a distance
of 268.2 m (880 ft) before the inner nozzles reached full concentration and 402.3 m (1320 ft)
before the outer nozzles reached full concentration. This delay time would result in an off-target
application of approximately 0.81 ac. Significant improvements are needed.
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Figure 3.12

Illustration of modeled flow characteristics for 16-nozzleboom for the manifold
injection point location with a speed of 16.1 km h-1 (10 mph) and carrier rate of
93.5 L ha-1 (10 gpa)

In an effort to improve delay time, the injection point was relocated to a point just prior to
the boom section tee fitting. This location reduced the transport distance to less than 1.5 meters
from the injection point to the most outside nozzle. Speed and flow rate parameters of 16 km h-1
(10 mph) and93.5 L ha-1(10 gpa) were selected correspondingly to the previous test for
comparison. For the relocated injection point, delay times were reduced to 60 and 30 seconds for
the outside and inside nozzles respectively. It was also observed that the rise time for the inside
nozzle was reduced, as the injection solution only began to exit the nozzle between 10 and 15
seconds after the system was initialized (fig 3.13).
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Figure 3.13

Illustration of delay times for relocated injection point at 93.5 L ha-1(10 gpa) for
the outside nozzle a) and inside nozzle b)

To evaluate the effect of increasing carrier flow rate on delay time, the carrier rate of
187.1 L ha-1 (20 gpa) was selected with a speed of 16 km h-1 (10 mph). Delay times were further
improved to 30 and 15 seconds for the outside and inside nozzles, respectively (fig 3.14). Rise
times were also reduced for both nozzles with the increased carrier flow rate.

Figure 3.14

Illustration of delay times for relocated injection point at 187.1 L ha-1 (20 gpa) for
the outside nozzle a) and inside nozzle b)
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Overall, all tests show the same trend of dye beginning to exit the nozzle at a lower
concentration and then slowly rising to reach an equilibrium full concentration. Figure 3.15
compares delay times based on injection sites, speeds, and carrier flow rate. Delay times were
improved by relocating the injection point to reduce the distance that was required for the dye
solution to travel after it was injected into the carrier line. For a speed of 16.1 km h-1 (10 mph)
and carrier rate of 93.5 L ha-1(10 gpa) the delay times were reduced from 90 and 60 seconds
when injecting at the manifold to 60 and 25 seconds when injecting at the boom section. (fig
3.15) This reduction of distance from injection point to nozzle exit combined with increased
carrier flow rates was shown to further improve the delay times to 30 and 15 seconds for the 16
km h-1 (10 mph) and 187.1 L ha-1 (20 gpa) test. With these improved delay times, direct inject
becomes more feasible for on-the-go variable rate applications.
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Figure 3.15

Comparison of delay times based on injection sites, speeds, and flow rates.

Though relocating the injection site to a boom localized point and increasing the carrier
flow rate reduced delay time, it presents with it a challenge of accurately metering the injection
solution that must be considered and managed in the future. The ability to accurately meter the
injection solution is made difficult by the very small rates of chemicals that are commonly
applied. This difficulty is compounded when these small rates are divided into multiple sections
and even smaller flow volumes are created. For the sprayer in the study, splitting the injection
solution four ways created a difficult rate to meter and control. This rate could potentially be
increased by diluting the chemical before it is injected to allow higher flow rates, but this would
be difficult and impractical in a commercial setting as injection tank sizes would be required to
increase in size proportionally to the rate of dilution. Individual injection pumps could also be
used for each section, but this would create additional hardware costs. It should also be noted
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that most sprayers have boom sections with more than 4 nozzles increasing the delay times as the
nozzles get further from the injection point.
3.5

Conclusions
A sprayer with PWM nozzle control was outfitted with a commercially available direct

inject system. A dynamic evaluation was conducted to characterize the injection systems delay
time for delivering target concentrations of solution to individual nozzles. The manufacturer
recommended system and plumbing configuration resulted in long delay times ranging from 105
to 150s. As speed increased, delay time improved, attributable to increased carrier flow. In an
effort to improve performance for the tested boom section, the injection point was relocated from
the original manufacturer recommended location to a point considerably closer to the boom just
before the carrier line enters the boom section. Delay times were substantially improved by
relocating the injection site. Delay time was further improved by increasing carrier flow rate. It is
noted that this improvement was only accomplished for one boom section, because the injection
pump only supplies chemical through a single line. Future considerations to accomplish this
improvement for each of the 4 boom sections would require development of a novel multi-port
chemical distribution manifold to uniformly deliver chemical to each section. Development of
this novel technology is ongoing and further investigation is needed.
In closing, the combination of PWM + Direct Inject technologies could serve to expand
the scope and precision of multi-product variable rate applications and improve management
zone resolution. However, results from this study indicate that, although direct inject technology
is currently available to producers as off-the-shelf systems, delay time is a major limitation and
should be carefully considered and/or improved for use in variable rate applications.
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CHAPTER IV
SUMMARY
This research evaluated a pulse width modulation nozzle control system with turn
compensation individual nozzle accuracy and boom uniformity. The flow accuracy of individual
nozzles and overall boom uniformity was characterized when spraying in a straight line and
along turns when the turn compensation feature was utilized. For both the strait line and turn
compensation evaluations, all nozzles performed within the plus or minus 10% allowable error
limits set by ASABE standard S591.1 (ASABE, 2016); however, consistent error trends were
observed for some nozzles. These consistent trends revealed that the control system was not the
cause of the errors, rather they were attributable to mechanical and/or physical differences in the
tips or PWM solenoids. Overall, the system provides accurate performance, and the turn
compensation feature can eliminate over and under application as long as physical system
limitations are not exceeded.
In a second study, a dynamic evaluation of chemical delay times were evaluated for a
direct injection system using the manufacturer recommended injection site for speeds of 8 and
16.1 km h-1 (5 and 10 mph). As speed increased, delay time improved, attributable to increased
carrier flow. In an effort to improve performance for the tested boom section, the chemical
injection point was relocated from the original manufacturer recommended location to a point
considerably closer to the boom previous to the point that the carrier line enters the boom
section. Delay times were substantially improved by relocating the injection site. Delay time was
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also further improved by increasing carrier flow rate. However, results from this study indicate
that, although direct inject technology is currently available to producers as off-the-shelf
systems, delay time is a major limitation and should be carefully considered and/or improved for
use in variable rate applications.
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